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ABSTRACT

Propagation of sound in city streets is investigated
with simplified models. For the low frequency case, an
analytic solution is obtained by means of eigenfunction
expansion of the wave equation in streets and street inter-
sections. For the high frequency case, a simple nomogram
which can predict the sound level in streets is obtained by
using the ray tracing and the image summing technique.
Finally, the ground effect is added to the sound level
obtained from the nomogram.
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I. INTRODUCTION

In recent years more and more people are concerned
about the ever increasing urban noise level due to various
noise sources such as automobiles, subways, aircrafts or
industrial plants. In order to find a proper measure to
reduce the noise level, it is necessary to understand the

sound propagation phenomena, to begin with.

" A large number of studies have been dedicated to the
problem which ié related to sound propagation in urban
environs. Schlatter [1] looked at the problem of a point
source inside a semi~confined space, using the idea of image
source, and incoherent varying strength line source approxi-
mation. Davies [2] solved the problem of sound propagation in
corridors using a form of geometrical approach, whose result

includes the propagation at. junctions and corners.

Wiener, Malme, Gogos [3], and Delaney, Copeland, Payne
[4] conducted the field experiments on urban noise propagation.
Delaney, Rennie, and Collins [5] conducted a scale model
investigations on traffic noise propagation. Donovan [6]
investigated the sound propagation from an elevated noise source
such as aircraft, into urban environs with a series of model
exéeriments. Recently, Holmes and Lyon [7] have succeeded in
building a numerical model of urban noise propagation using

the Monte Carlo Simulation technique [8], which can handle the



irregularities of street width.

In most of the above studies, the problems were dealt
with case by case, thus lacking the generality and facility in
applications. It is the purpose of this study to f£find a simple
design chart or a nomogram that can be used to easily predict

the sound level in streets.

In the first part of this study, the ground effect will
be neglected to avoid complexities, however, it will be discus-
sed briefly later in Chapter IV.  The low frequency case,
in which the wavelength is much greater than the street width,
will be studied first. Fig. 1 shows the model which consists of
N layers of periodically spaced buildings of rectangular cross-
sections with hard walls, and the streets of uniform width, with

a plane wave incident on it.

Previous work of this kind can be found in Kristiansen
and Fahy [9], where the same problem was solved by eigenfunction
expansion of the wave equation inside the streets. His method
ended up with an infinite number of simultaneous equations
which can be solved approximately only by computer. Shenderov
[10] solved the problem of 1 layer of periodically spaced
scatterers using a slot impedance method. The former method
with some modification is chosen to find an analytic solution
to the low frequency case. Also, the insertion loss at a

junction of streets will be estimated by applying the continuity



of pressure and volume velocity at the junction.

In the high frequency case, the model will be a part of
the previous one shown in Fig. 2. Since the plane wave mode is
not particularly relevant in-explaining the physical sound
propagation phenomena in streets, a point nomopole source is
chosen here. Also, the ray tracing and image summing technique

will be used to find the sound field.

The image summing technique has often been used [2, 6,
11, 12, 13] which treats each reflected wave path as coming
from an image source [14], and has been proved by experiment
to be adequate to predict the sound level in high frequency

case.

By using the above techniques, a general purpose
computer program is written which can calculate the sound
pressure level in a straight street with N side streets or in
the Nth side street where N =0, 1, 2, ... An intensive
effort is given to find the suitable non-dimensional variables
which will enable us to simplify the huge amount of data
produced by the computer program mentioned above. By using the
idea of averaging, or spreading the intensity of a sound beam
-over the street width, it is possible to find those non-dimen-
sional variables which can be used to draw a simple nomogram

to predict the sound level in streets.

10



Finally, the neglected ground effect will be included.
A number of studies have been dedicated to this problem.
Moore [15] looked at the problem of a free acoustic field
from a point source which has pure tone or multiple tones, with
the presence of a ground surface. He included the effect of
source directivity, and the size of the source. Delaney and
Bazely [16] studied the effect of ground upon the aircraft
noise measurement using a fibrous absorbent material for his
model. Piercy and Embleton [17], and Sutherland [18] treated
the sound propagation problem near the ground level which can
be applied to'vehicle noise measurements. Recently, Bettis and
Sexton [19] conducted vehicle passby measurements and compared
the result with the theoretical prediction which was obtained,
from a broad band source, integrating over the frequency range

considered.

All the above studies on ground effect were about open
field propagation. To include the ground effect to the street
propagation problem where we have two parallel walls, the method
used by Bettis and Sexton [19] will be applied with some
modifications. A white noise of 100 Hz to 8000 Hz will be used
as an input sound, which is A-weighted according to the center

frequency of one third octave band.

The result of this ground effect will be combined with
the result from the nomogram giving the desired noise level in

streets.

11



region 1

Fig. 1 Model of Streets for Low Frequency
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IT. LOW FREQUENCY SOLUTION

A. Periodic Arrays

The same approach that Kristiansen and Fahy [ 9 ] used
will be used to solve the low frequency case. While they
solved the problem numerically, here, an analytic solution will
be obtained in very low frequency region in which the wavelength
is much greater than the street width d or h, i.e. kd << 1,

kh1<< 1.

A plane wave with unit amplitude is incident on the
arrays of buildings which will be called scatterers hereafter,
with the angle of incidence 6. The surfaces of scatterers are
smooth, flat and rigid with reflection coefficient of 1. The
ground effect will be neglected and we are looking at the
problem on z = constant plane, thus making the problem two
dimensional. We wish to solve for the sound field in the slots
of the periodic array and for the fields reflected and trans-

mitted by the array.

In Fig. 1 the pressure field in region 1, which is

composed of the incident and the reflected waves, is given by

j (o _x+B y) r=ow j(a_x=-B_vy)
<I>=e°°+ZRrerr (1)

r=-0

and the pressure field in region 2 which is composed of trans-

mitted waves, is given by

14



r=o jlo x+B_(N-1)2_ ]
r r y
2 r (2)

where Rr and Tr are the amplitudes of the reflected and

transmitted waves respectively, and

a. = o, + Zﬂr/2X
2 2.1/2 2 2
Br = (k° - ar) for k° > a
= -3 (a2 - kz)l/2 for k2 < a?
r r

The pressure field for the streets, which will be called slots
hereafter, can be found by solving the wave equation by separa-
tion of variables and imposing the hard wall boundary conditions.
For the slot intersections, the pressure fields are the super-
position of two slot fields normal to each other. Due to the
periodicity in x-direction, the pressure field along the x
direction will differ in phase only for fixed y. Therefore, by
solving for the vth slot, we can extend the result to the whole
region applying Floquet's theorem [ 20 ] which can be expressed
as |

jaovzx
@(xv + VvV 2x 'Y) = e @(X\),Y) (3)

Since we are dealing with the low frequency case in

which the slot width is much smaller than the wavelength, we can

15



assume that only plane waves are propagating inside the slots
and slot intersections. Thus, the pressure field in region I

of Fig. 1 1is given by

jagvh,  Skiy+(p-1)g.) -3k (y+ (=1)2,)

® = e (A e + B e

I )

(4)
where A and B are the amplitudes of the plane waves travelling
in the right or left hand directions respectively. Similar
expressions can be written for the regions I1II, III, IV, V

using the amplitudes A', B', C, D, C', D', A", B".

Applying pressure and particle velocity continuity at
the interfaces for each two adjacent columns of scatterers from
column 1 and 2, to column N-1, and N, we can eliminate all the
amplitudes except the amplitudes A, B of thé first column, and

th

the amplitudes A", B" of the N column, which have the relations

A& £ g A

Bﬁ f! g' B

(5)

where the elements £, g, f', g' of the transfer matrix are given

in Appendix.

The next step is to equate the acoustic pressure and
particle velocity over the entry surface of the first column and

th

the exit surface of the N column which results in the following

relations among A, B, A&, Bﬁ, Rr and Tr'

16



w + I R w = A+ B (6)

o r r r
soz S(ao - as) - Bs Rszx = kd[A - B] W (7)
_ ~jkh ., jkh
T Tr w, = e + e BN (8)
r
_ - J kh n - j kh "
BS TS = kd W [e Ay e BNI (9)
sin (ard/2)
where w,. = ard/z
B = _(kz - a2)1/2 for k2 > az
s r r
= =3 (ai - kz)l/2 for k2 < ai

By eliminating A, B, Aﬁ, Bﬁ from equations (5), (6), (7)

(8), (9), two infinite sets of linear simultanequs equations are

obtained.
B w
0 kd s
R+ g,T = — §(s) +g,—— I T_w (10)
s 1°s Bs ZR,XBsr r r
kd~wd~ws kd wS
g3TS = . E; + 2k8 X [Rrwr + 94 Tr wr] (11)

where the coefficients 9yr 9y etc., are given in Appendix. By
multiplying W and summing over s from - «» to + «, equations

(10), (l11) can be rewritten in terms of ‘ﬁ,'ﬁ,

17



R + 9, T = cl + c3 g2 T (12)
g3‘¥ = c, + c3 R + 03 g4'T (13)
where R = IR w
s s
s
T = T w T
s
s
kd wo wi
€1 =W r Cp =T I 73 v C3 = /W
s BS

R, T are solved from equations (12), (13) and substituted into
equations (10), (11), giving the desired amplitudes R and TS

for the N scatterer case:

2w_ g, W

2
R, = 6(s) - kd (=2 L _8) + 0 (xd) (14)
S A 93 Bs
2o 1 Vs 2
T, = kd (2 =25 +0 (k) (15)
S Ly 93 Bs

In a special case where there is only one column of scatterers

as shown in Fig. 3a , RS and Ts have a simple form as,

2
2w wS 1+ 51

2
R = 6(s) + kd =2 = — — + O (kd) (16)
s % Bs 1 - 262 4+ £2
2 v &1
-4w w g
T, = kd —2 & 1 + 0 (kd)?2 (17)

B. -2 _
X s £l 2&2 + 1

18



where g e-th,
Several other special cases can be derived. When the

width of the scatterer, h, becomes much smaller than the

wavelength, thus forming the shape of slits in a thin plate,

(Fig. 3b), RS and TS can be expressed as

2dwo w
RS = S(s) + J —IT»Q’: BS (18)
, -2dw w
-~ . O S
T, = 3 - (19)
s hlx BS

Another special case is shown in Fig. 3¢ , which is
the problem of scattering by sets of narrow strips of width d.
According to Babinet's principle [ 21], the sum of the wave
diffracted from one boundary and the wave diffracted from the
inverse boundary is just the undistorted plane wave. By
applying above principle, we can get the amplitudes RS, Ts of
the strip scattering problem from equations (18), (19) which are

shown below

—2dwo wS
Rs = 3w B (20)
X ]
2dw_ w
S

T = 68(s) + j (21)

9o _s
th BS

Equations (20), (21) may be useful for the problem of scattering

19
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by trees.

B. 1Insertion Loss Due to an Intersection

In this section, the influence of the side streets on
the transmission of the sound waves in a street will be assessed.
The presence of the side street causes a change in acoustic
impedance at the intersection, so that a reflected wave is
produced. A part of the incident wave will go to the side
street which has the input acoustic impedance Zs' The power loss

due to above two phenomena will be estimated.

£
Ps
Yy
T —_— P; X
. [ R —
l r
Ps

Fig. 4 Waves at an Intersection

21



The incident plane wave Pi is given by

p, = A, eJ(wt-kx) (22)
1 1

The reflected wave Pr , transmitted wave P_ can be expressed as

t

ej(wt+kx)

P. = A (23)
P, = A eJ (wt=kx) : (24)
Choosing the center of intersection as an origin
P, = A, eVt
i i
P = A eJut (25)
Pt = At ejwt

Similarly, the pressure at the center of intersection due to the

wave transmitted into the side branch can be expressed as

- juwt
P A e (26)
From™ the continuity of pressure at the origin,
Pi + Pr = Pt = Ps (27)
Assuming Zs = poc/s2 ,» the volume velocities in this region

are given by

22



P. P

i r
u, = —, v, = - —=—
i poc/sl r poc/sl
' (28)
t poc/sl s poc/s2
where 8 = 21 * unit height
s, = 22 * unit helght'
and for simplicity, 21 = 22 = K.
From the continuity of volume velocity,
U, + Ur = Ut + 2 Us (29)

Solving equations (27), (29) we get the following relations.

= -1 = & A = L

The ratio of the power transmitted into the straight
street and the side street beyond the intersection to the

incident power are given by

2
Powert _ At _ l
Poweri AL 2 4
i
(31)
2
Power A
__ s _ s = 1
Poweri Ai 2 4

23



Thus, from above result, we can conclude that in a very low
frequency case, the power level transmitted through the inter-

section is 6 dB down from the incident power level.

In general, we expect that the low frequency case has
little application to propagation in city streets. The
application considered by Kristiansen and Fahy [9]was to the
acoustic behavior of nuclear reactor heat exchangers. The
results have been included, however, for completeness. And,
it is certainly of interest that an intersection provides an

appreciable insertion loss of 6 dB at very low frequencies.

24



IIi. HIGH FREQUENCY SOLUTION

When a sound wave reflects from a surface, the
Fresnel zone [22] becomes smaller and smaller as the frequency
of the wave increasesj and in the limit, it becomes a point
reflection. Therefore, the ray tracing technique can be
used for high frequency waves. By high frequency, it is
meant that the wavelength of the sound wave is much smaller

than the street width.

Here, a part of the previous model is shown in Fig. 2

as the present model.

Several approaches will be used to estimate the sound
pressures at various receiver positions such as 1, 2, 3, etc.

in Fig. 2.

A. Incoherent Line Source Appreximation for a Straight Street

This is the case when a receiver is at the position
1 in Pig. 2. In order to have a close look at the problem,

we will treat only a single street as in Fig. 5.

Here, discrete image sources were approximated by a
continuous varying strength line source, so that the net
acoustic power of the line source in each image street is
equivalent to the power of a discrete point image source which

would have occupied the image street.

25
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oZVLV exp(-u|z|)
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coefficient

- -(InR)/ L

L.

(1 -R¥/(1+R)

®

Fig. 5 Incoherent Varying Strength

- Line Source
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Thus, instead of W, RW, RZW, .+«+ in each interval, a

continuous function of the form

7

W(z) = o %. e“'ulzl (1)

was used by Schlatter [1].

In the above equation, U is given by

W= -l . (2)

and o, obtained by equating W(z) and the power of the discrete

image source in the ith interval (i # 0), is given by

> _ YR 1n R
o = g1 (3)

By equating the sound power in the zeroth interval, which is
the original street, an additional factor is added in the form

’
of a point source of strength BW,

e
+\
B |

where B8 =

(4)

By using the above approximation, the mean square pressure

level averaged over the street width L can be expressed as

27



4 of e7¥17

B
L -1L = 10 log [ = + 2 dz ] - 10.83 (5)
P w x2 L2(x2 + zz)
0
Prms
where L = 20 log
p ref
L = 10 log
w Wref
<Prms> = mean square pressure averaged over the street
width L
_ -5 2
Pref = 2 x 10 N/m
_ -12
Wref = 10 watt

From the plotting of equation (5), Schlatter [1]
observed a distance §, for various values of R, beyond which
the Lp drops off by 6 dB per doubling of distance from a

source. It is given by
1) = ——— (6)

and the asymptotes will be parallel to R = 0 line and above it

by an amount given by

A= 10 log 4% dB (7)

Figure 6 shews-:the distance § and the difference A for

several values of the intensity reflection coefficient R.

Figure 6 and above equations (6) and (7) can be used

to find a single curve for a general situation of the straight

28
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street sound propagation in section C.

B. Intensity Averaging Method (I.A.M.)

Although Schlatter's Method shows how to get an
approximate solution to the problem of straight street sound
propagation, it cannot be easily used for various situations

which arise in physical cases.

In an attempt to:collapse the set of curves in Fig. 6
into one single curve, an intensity averaging method is
introduced. Using this intensity averaging method, similar
attempts will be made in such cases as a sfraight street with

one or more side streets, and also a side street.

1. Straight Street Without Openings

Instead of approximating discrete image sources by a
line source, the receiver was changed into a varying strength
line receiver as shown in Fig. 7 . Although the above idea
is exactly equivalent to changing the sources into a line
source, it will be used to make it easier to understand the

intensity averaging method.

Consider a sound wave beam of angle d® shown in Fig. 7.
The intensity at A due to the source of power W is given by

exp [(x tan® 1InR)/L}
= L -

W
Ta = o 2 (8)
r

30



where r the distance between the source and receiver

X sec 6

>/ x sec@d dé

!
L
source l

line receiver

Fig. 7 Model of a Straight Street — 1. A. M.

The total power in the beam of angle d6 is given by

Aw = I, -+ arc length within d6 - unit height

.
X
Wexp ( tan 6 1n R)
= < L - ae (9)
41 x sec:H

31



Since all the power goes through the street of width L, the
average intensity over the street width, in the direction 6,

is given by

_ AW
< Ie > T T cos 6 (10)

where I cos 6 is the street width seen from the 6 direction.

The mean square pressure averaged over the street

2

width, < Prms > is the averaged intensity < I, > integrated in

8
the interval -7m/2 < 6 < 7/2 and multiplied by the character-

istic impedance c¢. Thus,

m/2
< P2 > = pc < I > de
rms 0
-m/2
-uxt
W
A o
1+t
o

By rearranging, equation (11l) becomes

e-uxt
1+ t2
o]

L 2 '
L -1 +10 log 2 = 10 log [-= dt] - 10.83
p_ w 9 u o9 [nx ]

(12)

Since the right hand side of equation (12) is a function of ux
L
U
as y-axis. The equation (12) is plotted in Fig. 8 using above

only, log ux is chosen as the x-axis, and Lp - Lw + 10 log

axis.
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2. Straight Street With One Side Street

The same idea that was used in the previous section

will be used here with a slight modification.

X Po | / L tan 4
source — .

) » receiver line

Fig.9 Model with One Side street-1.AM,

Since all the waves which get to the receiver must go
through the slit ss', the wave beam which passes the point p,
is evenly spread over the slit ss'. The idea is that only a
portion of the power which goes through the slit ss' gets to

the receiver. From geometrical considerations, the net power

34



that gets to the receiver is the total power which passes the
slit ss', multiplied by 1 - tan 6. Thus, the average intensi-
ty over the street width at the receiver point, in the direct-

ion 6, is given by

< Iy *receiver = < Ig > - (1 - tan9)

w
Ir L ©XP (-ux tan 0) (1 - tan 9)

(13)
The mean square pressure < Pims > is twice the intensity summed

over 6 from 0 to m/4, and multiplied by the characteristic

impedance pc.

w/4
2 _ - -
< Prms = 2 pc T <L exp (-ux tan 6) (1 tan 6)do
° (14)
By rearranging
n/4
: L 2 exp (=uxt) (1-t)
- + - = 1 1 T~
Lp Lw 10 log m 0 log [u < - £2 dt]
)
- 10.83 (15)

The equation (15) is plotted in Fig. 10.
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3. Side Street

Just as the previous section, the net power that
reaches the receiver must go through the slit ss'. Again,
only a portion of the power which passes the slit ss' gets to

the receiver.

receiver line
] A

4 !
4 X 9
source S L
@
Y |
[ g
™
image
source ¢

X1

Fig.11 Model of Side Street—1.A.M,

The intensity at the point A due to a source of power

w is given by

exp[-pu (XLl tan 8 + z cot 9)]
r

.
I = Ir (16)

A
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where source to receiver distance

H
i

XLl sec 6 + z cosec 6

The total power in the beam of angle d6 in the 6 direction is

given by

Aw = I_ ¢ arc length within d6 . unit height

A
W exp [-u (XLl tan 6 + z cot 8)1 de
am r

(17)

Now, the cases of 0 < 6 < w/4, and 7/4 < 0 < 7m/2
should be considered separately. The case of 0 < 6 < m/4 is

shown in Fig. 12,

.- memes e ——

Fig.12 Model of Side Street When O <8 < /4
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From geometrical considerations, the net power that reaches

the receiver is given by

Awside = AW tan 6 (18)
where AW is given by the equation (17). Since all the power

goes through the side street of width L, the average intensity
over the street width, in the 6 direction, within the interval

0 <6 < m/4, is given by

< 1. > _ AWside

- _ side | (19)
6 1 L sin®

where L sin 6 is the width of the side street seen frbm the ©

direction.

The mean square pressure averaged over the street
width is the intensity summed over 6 from 0 to m/4 and multi-

plied by the characteristic impedance pc. Thus,

m/4
<pP2 > = pc | <1.> ao
rms 1 P 6 "1
[0}
T/4
- exp [-u XLl (t + g/t)]
I L X1 dt (20)

(1 +£/8) (L + £2) ¢
(0]

The case of m/4 < 6 < /2 is shown in'Fig. 13.

39



L sin@

—

L cos?é /
L

Fig. 13 Model of Side Street When m/4 <9 <m/2

Here, the total power AW given by the equation (17) reaches the

side street without being shaded. The average intensity over the

street width, in the direction, within the interval % < 8 < %;
is given by
_ AW
<Ig> T T sine (21)

The mean square pressure averaged over the street width is the

intensity summed over 6 from 2 to I and multiplied by the

4 2
characteristic impedance pc. Thus,
/2
2 =
< Prms 72 T PC < Iy > do
m/4
/ 1
_ W exp[-u XLl (% + gt)1dt
T 47 L XLl (22)

o (L + et) (L + %) t
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< Prms > = < Prms >1 + o< Prms >2 (23)
Substituting < P2 >, and < P2 > and rearranging
g rms 1 rms 2 ' g ’
1
L - I, + 10 log (L XL1) = 10 log exp[-u XLL(EAE/E)] 4¢
P - (1+E/t) (1+t°)
)
1l

exp [-n XLL (¢ + E8)]
+

> dt - 10.83 (24)
(1+£t) (1+t7) t

o

The equation (24) is plotted in Fig. 14 .

C. Computer Solution - Discrete Image Sources (D.I.S.)

Since calculating the sound pressure due to each image
source at a various receiver points is a tedious and cumber-
some job, attempts have been made to get an approximate
solution to the problem. From the result of Schlatter's [1]
method and intensity averaging, it is now possible to get non-
dimensional parameters which will enable us to arrange a bulk
of data produced by computer solutions in several cases shown

in Fig. 2 into a simple nomogram or a design chart.
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1. Straight Street With no Side Streets

This is the simplest case of all, and the same algorithm
can be used for each image sources only by changing the

distance between source and receiver.

Fig.15 Model of Straight Street-D. I S.

For illustration, choose an image source Si' The distance

between source and receiver is given by

r o= [x>+ {(i-1L+z}1%/2
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Intensity at the receiver can be written as

w ©exp [(i-1) 1n R]
I, = 77 L2 (25)

The total power that passes through dz is given by

exp [(i - 1) 1nR]

2
r

dz (26)

_ W
AW—H

The mean square pressure averaged over the street width L,

due to Si' is given by
L/2

exp [(i - 1) 1n R] dz
2

= LA (27)
rms 4L x> + [(i - 1)L + z]

-L/2

Therefore, the total mean square pressure level averaged over

street width L, due to all the source Sl’ Sz, SZ' 83, S3, ceey

is given by

L/2
< P2 > = pcC W dz
rms aTL XZ + ZZ
-L/2
L/2
W imax exp [(1 - 1) 1n R] dz
+ 2 pc — z (28)
S x>+ [(1 - DL + z]°
-L/2

The first term in (28) corresponds to the i = 1 case
and the factor 2 in the second term comes from the symmetry of

the source distribution. The upper limit of summation 'imax'
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was decided such that when the sum of the pressures due to the
sources from i + 1 to i + 10 is less than 1% of the sum up to
ithAsources. The result of computation of equation (28) is
shown in Fig. 16 using Lp - LW + 10 log % and log ux as x- and

y-axis, which were obtained by intensity averaging method in

Section B.

As shown in Fig. 16 , the difference in sound pressure
level, ALp, between the cases of various values of the inten-
sity reflection coefficient R, is almost constant with respect
to x except when x is of order of 10_1. The difference ALp
will be estimated by making use of equations (7), (12) and

Fig. 6 and Fig. 16 . After that, the set of curves in Fig. 16

will collapse into a single curve.

R=R,
R=R,
\ ]
R=0
S~ 10 |og%§—2—
' —IN2
Px‘l 1+R1
Pl "Ry
log X log X,

Fig.17 Estimation of A
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By assuming that above lines are inside the 6 dB per doubling

of distance region in Fig. 6,

)
P -P_ = 20 log =2 (29)

1 2 1

for a given value of R. The points x, and x., are chosen such

1 2
that
HiXp = WX (30)
In Rl 1n R2
where W = - I ' My, = - T, .
_ . . 1 +R
By observing the pressure level difference A = 10 log T—=

in Fig. 17, and the changes in x, y coordinates from Fig. 17

to Fig. 16 , the difference ALp in Fig. 16 is given by

M 1+ R 1 -R

1 1 2

AL = 10 log (—°* 3— . )
P Uy 1 Rl 1+ R2

(31)

Using Lp - Lw + 10 log o as a new y-axis, which is equivalent
<p2 >

to 10 log ( urgz 4%%) + ALp - 10.83, where o is given by,

setting R, = 0.1,

o = 2.81 (1 - R) (32)

w? (1 + R)

A curve which represents a wide range of cases of street propa-
gation is obtained (Fig. 18).
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2. Straight Street With One Side Street

The sound pressure contribution due to Si in Fig. 19

is given by

ra

2
<p2 > exp{[(i—1)+INT(.5+-I—Z—L)] 1nR} dz
rms  4m _ 1 L (33)
pc W L 2 . 2
X"+ [(1 - 1L + z]
J
21

where INT(F) means the largest integer < F, and z, and z, are

the intersecting points of the receiver line with lines SiA

and SiB’ respectively.

Q% ,
2
- | 2
xXu
S }
cN\~" x| |
source — *
A
Si ] receiver line
Q1/

Fig.19 Model with One Side Street-D.I. S.
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The number of sources which contributes to the sound
pressure at the receiver position is 2« imax - 1, where
imax is the largest i between Ql and Q2. Therefore, the
total mean square pressure averaged over the street width L

is given by

2

2
2 lz|
< Prns am _ 1 exp [INT(.5 + T ) 1lnR] dz
pc W L <2 N Z2
21
5 imax exp {[(i-1) + INT(.5+l%l)] 1nR} dz
+ E z 5 5 5
i=2 x“ + [z2°(1 - 1)L + z]
21
(34)
where imax = INT(1.5 + g%;
_ o i-1.5
z, = L( i1 X i+ 1)
— i - .5 - .
2 = Liggizp ¥ -1+ 1.

The equation (34) was evaluated for various values of
R, and for various locations of source and receiver points.
The position of the side street was also changed to find out

the effect of the location of the side street.

To plot the results, the same coordinate system that

was used in Fig. 10 of intensity averaging method, is used,
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which is shown in Fig. 20 . As is obvious from Fig. 20, the
position of the side street does not make an appreciable dif-
ference, which is to be expected as we are dealing only with

the average sound level across the street.

In Fig. 20, a constant pressure level difference
between two different values of R is observed just as in
Fig. 18. Another observed fact from the computer output is
that even in the case when the source is moved to the side
street entrance which is shown by the position C in Fig. 19,
there was still little difference in the pressure level as
long as we keep the source to receiver distance x constant.
This fact and above mentioned constant pressure level differ-
ence observed give us a hint that the same non-dimensional
parameter o could be used to get a single curve for this case
just as Fig. 18 for the former case. The only difference
between these two cases would be a certain amount of drop in
sound level. Using the parameter o, the desired curve for the
straight street with one side street is obtained as shown in

Fig. 21.

We now have two curves which can explain the cases of
receiver points 1, and 2 in Fig. 2 for any value of R. It is
now natural to expect that a similar phenomena will happen if

we have more than one side streets.
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3. Straight Street With More Than One Side Streets

A computer program was developed to estimate the sound
pressure level at a receiver point in a straight street with
an arbitrary number of Side streets. Computations for the
case of 2 and 3 side streets are done, and the results are

shown in Fig. 21.

As expected, the sound pressure level drops off sudden-
ly by a certain amount whenever receiver passes a side street.
The pressure level drop Lp decreases as the number of the
side street increases. 1In the limit, the drop Lp will become
zero; at that point, only the waves propagating parallel to
the centerline of the street will remain. In other words, the
waves does not see the wall of the street at all, just as in
open field propagation at a distance sufficiently far from the
source. Thus, all the cruves asymptotes to the curve of no

side street case.
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4. The First Side Street

receiver line
X4 X2

Q

Fig. 22 Model of the First Side Street-D. Il S.

The total sound pressure level due to all the sources

which can reach the receiver position shown in Fig. 22 is

given by X,
. exp[((i—1)+1NT(§£§El))1nR] dx
bpThyti0 109 By = 10 teg k) x% + [(i - DL, + 212
Jx,
- 10.83 (35)
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z+ (1 - 1)L

= 1
where X, = [Ll/2 o 1)L1 + 1] X1l
z + (i - 1)L
X, = [ Ll/z T (1= DL, + 11 (XLl + L,) when i < imax
z + (i - l)Ll
X, = [-Ll/z o l)Ll + 1] XLl when i > imax
imax = INT(1l.5 + XL,
Ly

The "imax" tells us whether the source is above or under the
point Q which is the intersection of the line ABQ and the

source line in Fig. 22.

The result is plotted using Lp - LW + 10 log (XL1 L2)
and log px as y and x-axis, respectively, which were found by
intensity averaging Method in the hope of getting a simple set
of curves which have been suggested by Fig. 14 . From the
plotting of the equation (35), it is observed that the curves

are still dependent on the values of R.

To remove the R dependence which is obviously undesirable
to obtain a simple design chart or a nomogram, a large number of
computations were carried out for various cases of the side
street sound propagation. The results were plotted using log ux
and Lp - Lw + 10 log (XLl Lz) as x- and y-axis, respectively,
to see if there is any recognizable pattern. From above plot-

tings, it was found that, by choosing Lp - Lw + 10 log (XL1 L
R0.8

2
) as a new y-axis, we would be able to get a set of curves
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which are almost independent of the value of R, which is shown

in Fig. 23 .
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5. The Second Side Street

A computer program was developed for the second side
street propagation which can be easily modified to be used in
Nth side street propagation if used in combination with the
computer program for the case of a straight street with an

arbitrary number of side street.

For illustration, take the case of the source S3 and

the receiver which is located in the Nth side street (N 2 2),

the wave beam should go through the interval AB. Also, it
must not be blocked by any of the cross-lines of the side

streets until it reaches the receiver line.

Unlike the straight street case, in which the wave
travels the distance of the line drawn from an image source
to the receiver, in the side street case, the wave travels
the distance of the line drawn from an image source to the
'lifted' receiver position. The 'Lift' which accounts for

the number of reflections, N in the region between the first

RI
side street and the Nth side street,,is expressed as

Lift = NR.-width of the street L . (36)

NR can be easily obtained by

NR = INT [(zo + L /2)/L 1, , (37)

59



where zg is the distance from the centerline of the straight
street to the intersection of the wave beam and the wall of

th

the N side street which is nearer to the source.

From Fig. 24, only those image sources which are
located between the points zq and z, can contribute to the
Nth side street (N > 2). The result of the computation showed
no recognizable pattern as in the straight street case or the

first side street case.

The case R = 0.9 is computed and shown in Fig. 25.

The dotted lines are the curves for the first side street.

D. Discussion

1. Intensity Averaging and Computer Solution

Comparing the results from intensity averaging and
Computer Solution, it turned out that the intensity averaging
is quite accurate in the straight street propagation either
with or without side streets with maximum deviation of 2 dB

[Fig. 26 1.

The intensity averaging method also estimated thé sound
level in the first side street quite accurately with maximum
deviation of 2 dB when R was set to 0.9. [Fig. 27]. The intensity
averaging method, even with its failure in certain cases, played

a major role to find the simple nomogram.
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2. The nomogram for estimating L_ in Streets
) d

Combining all the results so far, it is possible to
draw a nomogram (Fig. 28) which can be used to estimate the
sound pressure level in urban environments such as shown in

Fig. 2.

The curves which represent straight streets are almost
accurate with maximum deviation of + 1 dB. The accuracy
increases as R and ux increases. The curves which represent
the first side street are reliable with deviation of + 1 dB
only beyond the receiver point at about one street width from
the entrance of the side street. Likewise, the accuracy

increases as R and £ increases.

In Fig. 28 , the curves labelled A, B, C, D repre-
sent the sound level of the straight streets with 0, 1, 2,
or 3 side streets respectively, and the curves numbered .1, .2,
etc., represent the sound level in the first side street.
The scale at the left hand side is for the straight streets,
and the scale at the right hand side is for the first side

street.

To explain how to use this nomogram, let us take an
example of estimating Lp at the receiver positions 1, 2, 3, 4,
or 5 in Fig. 2 , for given source power L , intensity
absorption coefficient R, and dimensions such as L, XL1l, XL2,

etc. Then, p and o can be calculated from equations (2), (32).
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-ln R

@ = 280 -R

p” (1 + R)

Lp can be obtained for receiver positions 1, 2, 3, or 4 from

the relation

Lp = Yi + Lw - 10 log a

By substituting Yyr Yo y3, Ygr respectively.

Above yi's were decided by the intersections of the

curves A, B, C, D with x = ux uxz, ux3, ux4, respectively

1’ ,
as shown in Fig. 29 , using the left hand side scale.

To get Lp at position 5 in Fig. 2 , get the inter-
section point of the curve & = i%f , with the line x = y XL1,
where z is the distance from the centerline of the straight
street to the receiver. Read the level y of that intersecting
point using the right hand side scale. Then Lp at position 5
is given by

0.8

L = yg+ L, - 10 log (XL1 L R™°

P ).
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IV. GROUND EFFECT

Up to this point, the reflection from the ground has
been neglected. Since most pavements have low absorption
coefficient (.1 ~ .3) the reflected waves may have a signifi-
cant influence on the total sound pressure due to the inter-

ference with directly propagated sound waves.

A basic understanding can be gained by considering

the model shown in Figure 30 .

Receiver

Source

Ground @

Y
— HX —

Fig. 30 Reflection from Ground

Here a point source is located Hs above the ground, separated

by H, horizontally from the receiver which is located H. above
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the ground. The ground has a pressure reflection coefficient

for the angle of incidence 6, of magnitude r, and phase V.

The direct path R, and the reflected path R, can be

1 2

expressed from geometry.

1
- _ 2 2 .2
R, = [(Hr Hs) + Hy 1 (1)
1
_ 2 2
R, = [ Ry + 4 H_ HS] (2)

The sound pressure measured at the receiver point is a
combination of the direct waves travelling Rys and the reflect-

ed waves travelling R2. These two sound pressures are given by,

Pl = P cos wt (3)
R
P, = rP ﬁ; cos (wt + ¢;) (4)
where ¢q %g (R2 - Rl) + Y

Q
i

speed of sound.

The mean square pressure at the receiver position is

given by the mean square of the sum of Pl and P2' Thus,

2
3

= (Pl + P2)2 = P2 + P2 + 2P, P (5)

P 1 2 152
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If the source is broadband, equation (5) has to be
integrated [19] over the frequency range we are interested

in. Thus,

2 R R, cos ¢, sin ¢
sz = P7[l+ (r-Ri)2+2r§l i 3 (6)
2 2 3
where ¢2 = vr(f2 + fl) Y
Y = (R, Rl)/c
2 rms

Going back to the street problem, it is now simple to
include the ground effect if equation (6) is used in calculating
sound pressure for each image source, Sl’ Sz, Sé, S3, S;, N
For example, take one of the image sources, Si in Fig. .

The mean square pressure, averaged over street width L, is
given by

(L/2

2 i-1

W R dy
rms ¢ I 2 (7)

<p >
x“ 4+ [(1i - 1)L + vyl

J-1/2

If ground reflection is included, using equation (6), the

averaged mean square pressure at the receiver position due to
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N =m0

N

L X
S1 //S\ =

receiver line
S,

W+

Fig. 31 Application of Ground Effect toan Image Source

ith image source for the frequency range fl to f2 can be

written as follows.

rL/2
. R R, cos ¢, sin ¢
R (14 (r ﬁl) + 2x ﬁl i %) ay
< p2 s = oc W 2 2 3
rms Af 4mL <% 3+ [(1i - 1)L + Y]2
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1. L
F-F z X antllog{ (10 log Pij

L = 10 log [
p max min j i

2
raf

+ A-weighting)/10} Afj] - 10 log P (9)

where P = 2 X 10_5 N/mz.
ref
The index i denotes the position of the image source, j denotes

a third octave frequency band we are interested in.

Pij is the mean square pressure averaged over street
width L at the receiver position due to the ith image source

and jth frequency band.

Before going through complicated computations, let us
take a look at equation (6) to get a rough idea about how much
the resulting pressure will differ from the sound pressure

without ground reflection.

As Hx , the horizontal distance between source and
receiver, increases,in the limit, the path difference R2 - Rl
approaches zero from equation (1), (2). 1In that case,

equation (6) becomes,
2
P = — (1 + 1) (10)

Choosing intensity absorption coefficient an = 0.2 which is

the case of asphalt pavement [19], the pressure reflection
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The actual computation is carried out in the frequency
range from 89.1 to 8913 using one third octave bands. For
each band width, equation (8) is computed, converted into

sound level, and A-weighted [23] according to the center

frequency of the one third octave band considered. (Fig. 32 ).

A -Weighing (dB )
o

100 500 1000 5000
Center Frequency

Fig. 32 A-Weighting in One Third Octave Band

Therefore, the resulting sound pressure level due to the whole

image sources through the entire frequency range can be written

as follows.
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coefficient r is given by

r = /1 - a, = 0.9

" Substituting r = .9 into equation (10), we can predict that
in the straight street paved with asphalt, we would see about
5.6 dB increase above the sound pressure level without ground

reflection at the very far distance from the source.

In Fig. 33, the cases of Hr = HS = 1.5 meters,
R=20.1, 0.5, 0.9, L = 15, 30 meters are plotted in comparison
with the case of no ground reflection. 1In Fig. 34, the
difference ALp due to the ground reflection is plotted using

the actual distance scale for various cases mentioned above.

As shown in Fig. 34, the incréase in sound pressure
level ALp does not depend on the value of R, or the width of
the street L, but depends only on the distance from the source

to the receiver for a given source strength and r.

In the very near region (within .5 meters from the
source) , ALp is less than .5 4B down to 0 dB in the limit.
In the region from about 2 meters to 200 meters, ALb is
approximately 2.5 dB. There is a transition region from
about 200 meters to 1000 meters in which ALp increases
gradually up to 5.6 dB. Beyond this transition region, ALp

remains constant at 5.6 dB which was predicted by equation (10).
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If we neglect the sound pressure level which is 20 dB
below the level at the unit distance from the source, we can
safely say that the increase in sound pressure level due the
ground reflection is approximately 2.5 dB, since beyond 200
meters away from the source, the sound pressure level is
already below 20 dB from the above reference level in most
cases of straight street propagation. The same argument will
hold for the side street cases as well. Therefore, for
practical purposes, 2.5 dB increase in sound pressure level

would be a good approximation in the region of our interest.
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V. CONCLUSIONS AND RECOMMENDATIONS

Sound propagation in urban streets has been investigated
using a simplified model which consists of buildings, that have
rectangular cross sections and non-reacting surfaces with the
intensity reflection coefficient R, and streets of a uniform
width. The ground effect was neglected at first for simplicity,

but was included later.

In the low frequency region where a plane wave was
assumed to be incident on our model, an analytic solution was
obtained for N layers of buildings, which is an extension of the
study done by Kristiansen and Fahy [ 9 ]. For the N = 1 case,
interesting results were obtained. By assuming the acoustic
input impedance of a side branch, Zs’ to be equal to poc/S, it
was possible to estimate the insertion loss of 6 dB for propa-

gation through an intersection at low frequencies.

In the high frequency region, which is deemed to be
more relevant to explain the actual situation in street propa-
gation, in that the wavelength is usually much smaller than the
street width, a point monopole source was located inside a
street to find the sound field down the straight street and

side streets.

A general purpose computer program was developed to be

used for the straight street with N side streets and also for

th

the N side street where N =0, 1, 2, ...
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In order to find suitable non-dimensional variables which
will properly explain the sound propagation phenomena in streets,
the average across the street width of the sound intensity
was evaluated. This method is applicable to the side street

as well as the straight street propagation.

In addition, for the straight street with no side streets,
the incoherent varying strength line source approximation was
used as in Schlatter [ 1 ] to replace the image sources

produced by the reflections from the building surfaces.

By combining the results of the above line source approx-
imation and the intensity averaging method, the desired two non-
dimensional variables were obtained. Using the variables, it
was possible to draw a single curve shown in Fig. 18 , from
the data obtained by the computer solution, which explains the
general cases of straight street with no side streets. In the
same way, it was also possible to get a single curve for the
case of a straight street with one side street. As a natural
extension, it was found that we can use the same non-dimensional
variables to explain the straight street propagation with an

arbitrary number of side streets. (Fig. 21 )

For the first side street propagation, using the result
of the intensity averaging method, it was possible to obtain
three non-dimensional variables, which enabled us to draw a set
of curves that can be used to estimate the sound level down the
side street.
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Combining all the results above, a nomogram to estimate

the sound level down the streets was presented in Fig. 28 .

Finally, the neglected ground effect was investigated.
The ground was assumed to be smooth, flat, and non-reacting with
absorption coefficient o = .2 which is approximately the case of
asphalt pavement. An A-weighted white noise was used in the
frequency range of 100 to 8000 in terms of the center frequency

of the one third octave band.

From the analysis of the computer solution, it was
observed that the ground effect is approximately independent of
the intensity reflection coefficient of the buildings, R, or the
width of the street. It depends, however, on the pressure
reflection coefficient of the Qround and the distance from the
source to the receiver for a given source power. The increase

in sound level due to the ground, ALp, is shown in Fig. 34.

It is now possible to estimate the sound level Lp
down the straight streets with N side streets, and down the
first side street by adding the appropriate value of ALp from

Fig. 34, to the Lp obtained from the nomogram.

As an extension of this study, the following are recom-
mended: (1) obtaining the nomogram for the Nth side street when
N = 2., (2) the inclusion of the surface roughness of buildings
and the ground, and the influence of the scattering by trees or
other obstacles in streets, and (3) the inclusion of the meteoro-

logical factors.
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APPENDIX

The elements £, g, f', g', of the transfer matrix can be

obtained by

where is the transfer matrix for each two adjacent

a' b!
columns of scatterers, i.e.
a b | | A

B" B

N

ar o)

The elements a, b, a', b' can be expressed up to 0(kd), O(khl) as

. h h
-3kh ., _ .01, . _ gL
a = e [1 -G g *+ Jkhy (1 -@G d)]
a' = a-1- jkh,
jkh M 1

b = - e G a [1 - ikd (55)]
b' = b+ 1+ jkh;

j&o _a jka - . —
C = (e X0, e jzxk) (e X0 _ ej%(k)/(e]%(k - e ]%(k)

The coefficients of equations (10), (11) are given by
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-jkh jkh
e (f + 9) + eI (£ 4+
g')

2 (£g' - f'q)

e-jkh j
(£ + g) - ejkh(f' +
g')

2(fg" - £'q)

-jkh
e (g - £f) + ejkh
2(fg' = f'g) (g' - f')
-jkh
e (g - £) - eIk
e (g' - £')

2(fq' -
g f'qg)
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